The spore coat of Bacilli is a relatively complex structure comprised of about 70 species of proteins in 2 or 3 layers. While some are involved in assembly or protection, the regulation of many are not well defined so lacZ transcriptional fusions were constructed to six Bacillus anthracis spore coat genes in order to gain insight into their possible functions. The genes were selected on the basis of the location of the encoded proteins within the coat and distribution among spore forming species. Conditions tested were temperature and media either as solid or liquid. The most extensive differences were for the relatively well expressed fusions to the cotH and cotM genes, which were greatest at 30
INTRODUCTION
The spore coat of Bacilli is arranged in two or three layers (Kim et al. 2006; Henriques and Moran 2007; McKenney, Driks and Eichenberger 2013; Driks and Eichenberger 2016) plus a recently defined outer crust in Bacillus subtilis (Imamura et al. 2011; McKenney, Driks and Eichenberger 2013) . There is also a distinct exosporium in the Bacillus cereus group (includes Bacillus anthracis) as well as many Clostridia and probably other related species (Henriques and Moran 2007) . Bacillus subtilis contains a relatively thick multi-layered coat with no distinct exosporium (nor the B. cereus exosporial genes) but there is a surface glycoprotein (Waller et al. 2004 ) that may have some functions analogous to those of an exosporium.
Bacillus spore coats are comprised of 70-80 species of proteins (Henriques and Moran 2007; Imamura et al. 2010 Imamura et al. , 2011 McKenney, Driks and Eichenberger 2013; Driks and Eichenberger 2016) . A few are needed for coat assembly and several have roles in germination and protection. A substantial number, however, have no well-characterized functions at least in deletion strains where the spores were not altered or only slightly altered in germination, resistance to solvents or lysozyme or major morphological changes in electron micrograph sections. There is either a lack of adequate phenotype screening or more subtle functions for these numerous coat proteins. Other spore formers generally have a similar set of conserved proteins for coat assembly but a large number appear to be unique (Henriques and Moran 2007) . These may functionally overlap with those in Bacilli and/or may reflect special needs for the ecological environment specific to a particular species. An inner coat protein designated Cotγ was found to vary in the amount extracted from the coat/exosporium fraction of B. anthracis spores depending upon the medium and/or temperature of sporulation (Aronson, Goodman and Smith 2014) . When Cotγ was deficient, the exosporium was juxtaposed closer to the coat and the spores were less hydrophobic. Based on lacZ fusions, regulation was at the transcriptional level indicating that late sporulating cells (time of function of sigmaK and the spores turning phase bright) responded to medium/environmental conditions to alter their surface properties. These results suggested that the regulation of other spore coat protein genes may also respond to sporulation conditions. These may include attachment, hydrophobicity, infectivity and possibly alteration of germination or resistance. If so, this could help to explain the complexity of the coat.
In a previous report (Rose et al. 2007) , no differences in the spore coat protein profile were found for B. subtilis spores produced at 37
• C in either liquid or solid medium but there appeared to be some differences in the coat profiles of B. subtilis spores produced between 22
• C and 37
• C in liquid medium (Melly et al. 2002) . Cot A was found to decrease with temperature as confirmed in an immunoblot but a transcriptional fusion to lacZ showed a modest increase. This suggested a change in deposition on the spore rather than transcriptional regulation. To further explore possible regulatory changes, we constructed lacZ fusions to the upstream regions of six spore coat genes. These were selected because they had no welldocumented functions, differed in location within the coat and distribution among spore formers. The regulation of expression was explored in two media whether solid or liquid and at temperatures of 30
• C and 37 • C.
MATERIALS AND METHODS
Based on their lack of a well-defined functions and variations in their distribution among spore forming species (Henriques and Moran 2007) , nine genes were initially selected for the construction of transcriptional fusions to lacZ in the vector, pHT304-18Z (Agaisse and Lereclus 1994). Fusions of about 200 and 500 bp upstream of the initiation codon were constructed employing the oligonucleotides listed in Table S1 and Bacillus anthracis Sterne DNA. They all included presumptive promoters, either sigmaE or K, with potential GerE-binding sites within the 200 bp fusions and perhaps other regulatory regions further upstream. Successful fusions were constructed for cotM, cotJ operon, cotF, cotS, cotH and the prevalent outer coat protein cotα (unique to the Bacillus cereus group; Kim et al. 2004 ); see Table 1 . Fusions were also constructed to cotY, cot Z and yabG but these could not be successfully introduced into B. anthracis Sterne. Plasmids were initially cloned in Escherichia coli DH5α, subsequently in the dam-strain, SSC110, both screened on LB plus 50 μg/ml ampicillin. Introduction into B. anthracis Sterne was by electroporation (Kim et al. 2004 ) with the initial screening on LB plus 10 μg/ml erythromycin. Several colonies were picked for further analysis on LB/erythromycin plates containing 50 μg/ml of 4-methylumbelliferyl β-D-galactoside. Plasmids were isolated from fluorescent colonies and the sequences of the upstream regions confirmed.
For lacZ expression, spores were inoculated into liquid or spread on plates of nutrient sporulation medium (NSM) and G medium containing 0.2% glucose (Aronson, Goodman and Smith 2014) . Cultures were incubated at 30
• C or 37
• C (for liquid at 250 rpm in a New Brunswick incubator shaker) and sampling initiated 12-16 h after inoculation when >90% of the cells contained phase white endospores since earlier expression of β-galactosidase was not found. In all cases, the rates of expression in the two media were the same (Fig. 1 ). Samples were taken every hour until there were at least 50% free spores (minimum of five samples). As anticipated, expression did not occur until this Values are A420/10 min/A580 of 1.0 for 50 μl from a 100 μl extract. All are averages of at least three independent experiments +/-10% for one SD. ca 500 bp fusions; 200 bp fusions 3-20× lower for all except cotS that were equal. G liq/37C values not included because of incomplete sporulation.
late stage since all contained presumptive sigmaK promoters except for the cotJ operon that has a sigmaE promoter (Seyler et al. 1997 ; Table 1 ). One and a half ml was removed from the liquid cultures (15 ml in 125 ml Erlenmeyer flasks), the optical density at 580 nm recorded, the tubes centrifuged in a microfuge for 8 min and the pellets stored at -20
• C. For sampling from plates, cells were scraped into 1 ml of distilled water and then treated as above. In all cases, only cultures with >95% sporulation were analyzed. Following completion of sporulation, spore counts were determined in the phase contrast microscope with a PetroffHausser chamber to confirm reproducibility among batches of media as well as for the various media and conditions (i.e. same spore number per A 580 of 1.0). Three samples were taken from each culture and the spore count in a minimum of 20 squares was averaged (+/-10%).
For β-galactosidase assays, the pellets were thawed and assayed as previously described (Gao et al. 2002) . Following suspension in 100 μl of Z buffer, cells in G medium were sonicated for 10 sec to aid in the release of the enzyme (not required for cells in NSM). Four drops of chloroform were added and the tubes vortexed for 15 sec and then centrifuged for 10 sec. Fifty microliter of the supernatants were assayed at room temperature. When yellow color was evident or after 10 min, the reactions were stopped with 1 ml of 1 M Na 2 CO 3 and the A 420 determined in a Genesys spectrophotometer (Spectronic Instruments, Chicago, IL, USA). Results are reported as A 420 /10 min/A 580 of 1.0 for the highest values. All experiments were repeated at least three times and the average values are in Table 2 . In all cases, the variations for +/-one standard deviation were +/-8%-10%. For cotS and cot∝, there was little difference between fusions of 200 and 500 bp but for the others, the longer fusions were either somewhat or considerably more active (only a 500 bp fusion was made for cotH) and thus the only ones reported.
RESULTS
In both media under all conditions, the rate and extent of sporulation were comparable as determined by endospore counts with a Petroff-Hausser chamber. This was confirmed by measuring the relative rates of increase of β-galactosidase-specific activities as shown for expression of the cotS fusion of cells from G and NSM plates at 30
• C (Fig. 1) . Similar curves were obtained for the other fusions except that cotJ expression was somewhat earlier consistent with a sigmaE promoter (Seyler et al. 1997) . In liquid at 30
• C, the final number of spores per milliliter was 20% CotS is present in a number of species (Henriques and Moran 2007) and in Bacillus subtilis is reported to be an inner spore coat protein with a sigK promoter and regulation by GerE (Abe et al. 1995; Takamatsu et al. 1998, Takamatsu, Kodama and Watabe 1999) . The specific activity values (Table 2) for the cotS fusion were low and about the same with either 200 or 500 bp upstream and comparable in the two media (30
• C comparisons). It was, however, the only one of the six fusions to show enhanced expression (2-3-fold) in a medium conducive to biofilm formation (Shemesh and Chai 2013) . Cotα is a major outer spore coat protein unique to the Bacillus cereus group (Kim et al. 2004) and is expressed at a somewhat higher rate in NSM. CotM is present in many Bacilli and some Clostridia (Henriques and Moran 2007) . In B. subtilis, it is under sigmaK control and negatively regulated by GerE (Henriques, Beall and Moran 1997) . It is related to the α-crystallin family of stress proteins and was not found in the B. subtilis spore coat soluble fraction so it may be cross-linked, most likely in or just under the outer coat (Henriques, Beall and Moran 1997) . In a B. subtilis cotM mutant, there were small quantitative differences in the SDS-PAGE pattern of some coat proteins and minor modifications in the appearance of the outer coat in electron micrograph sections but no other detectable phenotype. The 540 bp cotM fusion was expressed very well with 3-6-fold higher values in NSM versus G medium with the highest value on NSM plates at 30
• C. This enhanced expression was considerably less with the 240 bp fusion indicating that key regulatory sequences may be well upstream of the initiation codon. In order to determine whether this difference in transcription was reflected in spore coat composition, spores from NSM plates incubated at 30
• C were treated to solubilize coat and exosporial proteins (Kim et al. 2004) , which were then resolved by SDS/PAGE and stained with Coomassie Blue (Fig. 2 ). There was a significant difference in the region of the gel around 6 kDa, which is likely to be the monomer (15 kDa) given the aberrant mobility of the purified B. subtilis protein (Henriques, Beall and Moran 1997) and the absence of this band in a cotM deletion strain (A Aronson, unpublished). There may be some role for CotM in germination since in a Bacillus anthracis cotM mutant there was a heterogeneous germination pattern (A.
Aronson, unpublished results).
CotJA is limited to B. subtilis and the B. cereus group (Henriques and Moran 2007) and is generally expressed at moderate levels under all conditions except for a 2-3-fold higher value on NSM plate at 30
• C. This enhanced expression requires 500 bp rather than 200 bp upstream of the coding region so here again there may be some regulatory features in this upstream region. CotJA is part of the cotJ operon under the control of a sigmaE promoter (no regulation by GerE) so it is expressed early relative to other spore coat proteins (Henriques et al. 1995) . The primary function of CotJA, which is presumably present in the inner or under coat in small amounts, is to enhance expression of the more abundant CotJC protein. Surprisingly, CotJC is present in a much broader array of spore formers (Henriques and Moran 2007) . These two proteins probably interact by cross-linking but there is no known phenotype associated with their absence. The increase in cotJA expression and presumably in cotJC suggests a more abundant under coat and thus a more robust spore. CotF, which is present in a number of spore formers (Henriques and Moran 2007) , is expressed at moderate levels in NSM but poorly in G medium. The enhanced expression in NSM was only found with the 480 bp rather than 210 bp fusion. There is evidence that CotF is processed and localized to the inner coat layer but with no known function (Cutting, Zheng and Losick 1991) .
CotH, which is involved in the deposition of CotG (and indirectly CotB; Naclereo et al. 1996) , is well expressed especially in NSM with values 2-5 times higher than in G medium. CotH is phosphorylated by a novel kinase and the lack of this activity had a modest effect on germination (Nguyen et al. 2016) . A B. subtilis cotH mutant produces spores deficient in outer coat (Zilhao et al. 1999) but no other phenotype. It should be noted that the cotH promoter in B. subtilis maps to 812 bp upstream of the initiation codon interrupted by the cotG gene (Giglio et al. 2011) . There is no cotG gene in B. anthracis and a well-defined sigma K promoter and GerE-binding site just upstream of the ATG codon. The level of expression of a lacZ fusion (Miller units) is also considerably greater in B. anthracis.
There is another extensively phosphorylated coat protein designated ExsB, which was originally thought to be part of the exosporium (McPherson et al. 2010 ). As discussed above, it was subsequently shown to be a coat protein designated Cotγ (Aronson, Goodman and Smith 2014). Either the phosphate group or an overall negative charge (or both) seems to be important for coat structure/function.
It is intriguing that late in the sporulation process, there may be regulation of expression of spore coat proteins involving sequences well upstream of the promoters for several of these genes. A well-characterized regulator for B. subtilis spore coat genes is GerE. The binding site often overlaps with the promoter and none have been mapped to more than 140 bp upstream of the ATG codon (Zhang et al. 1994) . The 200 bp promoter regions should have included these GerE-binding sites but the transcription of the cotF, cotM and cotJ genes was more extensive when a ca 500 bp fusion was used. The longer fusion may simply allow better access to the GerE-binding sites or there may be other regulatory factors. For example, temperature dependent regulation such as found for CotA is probably due to coat composition affecting deposition rather than transcription control (Melly et al. 2002) .
Temperature regulation of genes is complex and can involve upstream sequences such as polyA tracts. These can contribute to a greater bend of the upstream region at lower temperature and thus alter the extent of gene transcription (Jerkovic and Bolton 2000) . Interestingly, the upstream regions of the cotM, cotJ operon and cotH genes contain 2-3 polyA5 tracts not found for the other three genes studied (see GenBank AAP27430.1 for the upstream sequences).
Spore coat formation involves not only the proper assembly of the structure but the ability to regulate the expression of at least six coat genes. This regulation occurs very late in the sporulation process and is presumably necessary in order to vary coat composition in response to conditions such as those studied here. This process may be needed to enhance spore survival, distribution, the ability to respond well to available germinants and possibly infectivity. In fact, for three of these genes (M. JA, H), enhanced expression is most pronounced on NSM plates at 30
• C implying more extensive deposition and thus a thicker coat. Correlated with this is the 2-fold lower germination rate in L-alanine plus inosine for these spores relative to spores produced in all the other conditions.
